Abstract This study uses the Soil and Water Assessment Tool (SWAT) and downscaled climate projections from the ensemble of two global climate models (ECHAM4 and CSIRO) forced by the A1FI greenhouse-gas scenario to estimate the impact of climate change on streamflow in the White Volta and Pra river basins, Ghana. The SWAT model was calibrated for the two basins and subsequently driven by downscaled future climate projections to estimate the streamflow for the 2020s (2006-2035) and 2050s (2036-2075). Relative to the baseline, the mean annual streamflow estimated for the White Volta basin for the 2020s and 2050s showed a decrease of 22 and 50%, respectively. Similarly, the estimated streamflow for the 2020s and 2050s for the Pra basin showed a decrease of 22 and 46%, respectively. These results underscore the need to put in place appropriate adaptation measures to foster resilience to climate change in order to enhance water security within the two basins.
INTRODUCTION
Availability of freshwater in sub-Saharan Africa is fundamental to economic growth and social development. Water is pivotal to key economic and social activities such as water supply and sanitation, agriculture, industry, urban development, hydropower generation, inland fisheries, transportation and recreation. These activities provide employment and generate revenue that sustains the economy. Besides the economic value, freshwater plays an important role in addressing issues of health, poverty and hunger and has been rightly recognized in the formulation of the Millennium Development Goals. As a country, Ghana is well watered, with annual rainfall varying from 800 to 2200 mm and a dense system of rivers and streams comprising 10 major rivers and several perennial springs located in the forested highland areas. However, the rainfall is characterized by high temporal and spatial variability, which results in some places having abundant freshwater while others have very limited water to meet increasing demands.
Previous studies in the Volta basin, which covers about 70% of the land area of Ghana, have observed significant decreases in annual rainfall and river discharges in recent years. Gyau-Boakye and Tumbulto (2006) computed reductions in the average annual rainfall of up to 12% in some areas of the Volta basin in the period 1971-1991, relative to 1951-1970 . The same study computed reduction in river discharges of up to about 35% on major tributaries of the Volta River. Climate change is likely to aggravate this situation.
According to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC 2007) , Africa is very likely to become much warmer than the rest of the Earth, with an increase in average surface temperature of about 3-4 • C by the end of the 21st century, relative to the period 1980 -1990 (IPCC 2007 . Such changes could lead to an intensification of the hydrological cycle, which in turn could have significant impacts on the availability (both quantity and quality) and distribution of water resources. The hydrological cycle plays a crucial role in regulating the dynamics of human and natural systems. As water is basic to economic and social development in Ghana, it is imperative to understand exactly how climate change would impact on water resources in order to design appropriate strategies to adapt.
The goal of this study was to generate scientifically-based, impact-specific information that can be used to directly inform the preparation of local and national action plans on climate change in Ghana. The specific objectives were to: simulate the hydrology of the selected river basins using the semidistributed hydrological model SWAT (Soil and Water Assessment Tool); construct regional climate scenarios using the stochastic weather generator LARS-WG for impact analysis; estimate the impact of climate change on hydrology and river flows; and recommend adaptation strategies for sustainable management of water resources under climate change.
Section 2 presents the data types and sources, as well as the methods used in this study, and provides brief descriptions of the two study basins, the hydrological and climate models used and the climate change scenario applied for the impact analysis. The study results, including the sensitivity analysis, calibration and validation of the model simulated water balance variables, and projected streamflow under climate change, are presented and discussed in Section 3. Finally, the conclusions and recommendations of this study are discussed in Section 4.
MATERIALS AND METHODS

SWAT model description
The SWAT model is a river basin model that was developed by the Agricultural Research Service of the US Department of Agriculture (USDA-ARS) for predicting the impact of land management practices such as land-use and land-cover changes, reservoir management, groundwater withdrawals and water transfers, in complex watersheds over long periods of time (Neitsch et al. 2005) . The model is physicallybased, semi-distributed and time continuous. It uses a GIS interface and operates on a daily time step. The SWAT model has been used extensively under different climatic conditions worldwide. In West Africa, SWAT has been used to simulate watershed hydrology and for estimating impacts of climate and land-use changes on streamflow and sediment yield (Busche et al. 2005 , Sintondji 2005 , Chekol 2006 , Schuol and Abbaspour 2006 , Zeray et al. 2007 , Obuobie 2008 .
The hydrological component of SWAT is driven by the soil water balance of a river basin, which is represented as (Neitsch et al. 2005) :
where SW t is the soil water content (mm), SW 0 is the initial soil water content on day i (mm), t is time (days), R day is the amount of precipitation on day i (mm), Q surf is the amount of surface runoff on day i (mm), E a is the amount of evapotranspiration on day i (mm), W seep is the amount of water entering the vadose zone from the soil profile on day i (mm), and Q gw is the amount of return flow on day i (mm).
The SWAT model requires a digital elevation model (DEM), soil and land-use maps and data, and climate data, for modelling a river basin. The model uses the DEM to divide a river basin into multiple sub-basins, that are further subdivided into hydrologic response units (HRUs). The HRUs consist of homogeneous land-use, management and soil characteristics (Gassman et al. 2007) . Through the subdivision of a basin, the model reflects the differences in evapotranspiration for different crops and soils. The HRUs make it possible to account for the impact of different land-use types, soil properties and management practices on the hydrology of a basin. Most of the hydrological processes in SWAT (e.g. evapotranspiration, surface runoff, groundwater flow and soil moisture change) take place at the HRU level and the water balance is simulated at this level before runoff is routed to the reaches of the sub-basins and then to the basin channel.
For this study, potential evapotranspiration was computed in SWAT using the option of the PenmanMonteith method offered by the model. This option required data on solar radiation, air temperature, relative humidity and wind speed as input. Surface runoff volumes were estimated in the model using the modified SCS curve number, which is a function of land use, soil permeability and antecedent soil moisture conditions. The SCS curve number method uses an empirical model with an empirical relationship between rainfall and runoff that provides a consistent basis for estimating the amount of runoff under varying land-use and soil types. A detailed description of SWAT can be obtained from Neitsch et al. (2005) .
Study area
Two river basins were modelled as part of this study. These were the White Volta river basin, which is located in the north of Ghana and (Fig. 1) represents the hydro-climatic conditions in the Volta River system, and the Pra River basin, which represents the hydro-climatic conditions of the southwestern river system. The Pra basin is located in the south of Ghana. The White Volta basin is a transboundary river basin shared mainly between Ghana and Burkina Faso. Fig. 1 Map of the White Volta and Pra river basins in Ghana and Burkina Faso.
White Volta River basin
The White Volta basin lies between latitude 8 • N and 15 • N, and longitude 1 • E and 4 • W. It is a major sub-basin of the Volta River basin and shared mainly by Burkina Faso and Ghana. The main channel of the White Volta has a total length of 1140 km and drains a land area of about 105 000 km 2 . Generally, the basin has a predominantly flat topography with a mean elevation of approx. 270 m a.m.s.l. (Barry et al. 2005) . The climate is controlled by the movement of the Intertropical Convergence Zone (ITCZ) that dominates the climate of the entire West African region. The complex movement and frontal activities of the ITCZ over the basin create two major climate zones: semi-arid climate in the north with mean annual rainfall of 600 mm and humid climate in the south with mean annual rainfall of 1200 mm (VBRP 2002) . About 80% of the annual rainfall occurs in four months, between June and September ( Fig. 2(a) ). The rainfall has a unimodal pattern and peaks in August. The mean daily temperature in the basin varies between 26 • C in August and 32 • C in March. Potential evapotranspiration exceeds rainfall in nine months and the average annual amount is 1800 mm. The dominant soil types in the basin, based on the FAO-UNESCO soil legends, are luvisols, regosols and lithosols (FAO 1995) . The land-cover type is predominantly savannah, which consists of grassland interspersed with shrubs and trees (WRI 2003).
Pra River basin
The Pra basin lies entirely within Ghana, between latitude 5 • 0 N and 7 • 15 N and longitude 0 • 30 W and 2 • 30 W. It consists of four major tributaries, namely the Ofin, Oda, Anum and Birim. The basin has a drainage area of about 23 000 km 2 with the main channel of the river stretching over a distance of 241 km, from north to south. The climate is controlled by three air masses: Fig. 2 Climatology of (a) the White Volta basin and (b) the Pra basin . Data source: Ghana Meteorological Agency. the monsoon or southwesterlies, the harmattan or northeast trade winds, and the equatorial air masses. The climate of the basin can be described as wet semi-equatorial, with a bi-modal rainfall pattern that peaks in May/June and October (Fig. 2(b) ). Annual rainfall varies between 1500 and 2000 mm. Potential evapotranspiration (PET) exceeds rainfall for most months of the year, with an average annual value of 1650 mm. Average daily temperature ranges between 24.6 • C in August and 28 • C in February. The basin is humid with mean monthly relative humidity greater than 70%, all year round. The soils in the basin region are forest oxysols and forest ochrosols. The latter are suitable for agriculture. The vegetation is moist semideciduous forest with a mixture of secondary bush, forest reserves and patches of cultivated areas. The main crops are cocoa and food crops.
Model input data
Input data to the SWAT model include the DEM, soil and land-use maps, soil properties, climate series, reservoir and management practices.
Digital elevation model (DEM)
The DEM used was the 90-m resolution Shuttle Radar Topography Mission (SRTM) DEM (USGS 2006), which was obtained freely from the US Geological Survey (USGS) seamless server at http://seamless. usgs.gov/. The DEM was processed using the System for Automated Geoscientific Analyses (SAGA) GIS software (Cimmery 2010) to correct the errors of "voids" before it was used in the SWAT model.
Land-use/-cover data
The land-use/-cover map used is a modified FAO map that was obtained from the hydrology group of EWAG in Sweden. It has a resolution of 250 m and is in a raster format. The legend of the map is based on the FAO Land Cover Classification System (LCCSS) and had to be modified to match the land-cover classes in SWAT.
Soil map and data
The soil map was obtained from the FAO digital soil map of the world and derived soil properties (FAO 1995) . It has a spatial resolution of 10 km and is available in a raster format. Almost 5000 soil types can be differentiated on the map, with some soil properties for two layers (0-30 cm and 30-100 cm depth) (Schuol et al. 2008) . Data on soil properties (e.g. texture, bulk density, saturated hydraulic conductivity, organic carbon content and available water content) were obtained from FAO-derived soil properties, the CSIR-Soil Research Institute (Ghana), field soil analyses and estimations based on pedotransfer functions.
Climate data
Daily climate data on rainfall, minimum and maximum air temperature, relative humidity, wind run (converted to wind speed) and sunshine hours (converted to solar radiation) were obtained from the Ghana Meteorological Agency. For the White Volta basin, climate data covering the Burkinabe part of the basin were obtained from the Direction de la Météorologie Nationale, Burkina Faso. Missing records in climate data from modelled stations were filled using the WXGEN weather generator offered in SWAT. Seventeen climate stations were used for the modelling in the Pra basin, while 64 stations were used for the White Volta basin.
Reservoir data
The Bagre Reservoir located on the main river channel of the White Volta basin in southeastern Burkina Faso was included in the White Volta SWAT model. The reservoir is used for irrigation of crops on about 3380 ha of land, hydropower generation of some 16 MW and fishing in Burkina Faso (Villanueva et al. 2006, Lemoalle and De Condappa 2009) . It has an average depth of 7 m. There are no measured evaporation data for the Bagre Reservoir. However, analysis of evaporation measurements for the 1982-2005 period from the nearest synoptic weather station (Po), gives a mean annual evaporation of 2867 mm. The reservoir data were obtained from the Société Nationale d'Électricité du Burkina (SONABEL). The data included the year and month in which the reservoir became operational, the surface area and volume of the reservoir when filled to the principal and emergency spillways, and the initial reservoir volume (Table 1) . Other collected data include the hydraulic conductivity of the reservoir bottom, minimum and maximum daily outflow for the month and monthly reservoir outflow. The Bagre Reservoir became operational in February 1995. The collected data cover the period 1995-2003.
Streamflow data
Daily streamflow data for the stream gauges at Nawuni on the White Volta River and Twifo Praso on the Pra River were obtained from the Hydrological Services Department (HSD) of the Ministry of Water Resources, Works and Housing, Ghana. Nawuni and Twifo Praso were used as the outlets for the White Volta and Pra basins, respectively, because these two stations have the longest flow measurements with minimal gaps for their respective basins. Figure 3 (a) and (b) depicts the long-term average daily discharge measured at Nawuni and Twifo Praso. Discharges in the two basins follow patterns similar to their respective rainfall: discharge in the White Volta basin exhibits a single peak that occurs in September, while the Pra basin experiences two peaks, in July and October.
SWAT set-up and sensitivity analysis
The SWAT model was set-up separately for the two project basins via the AVSWATX and following the step by step procedure outlined in the SWAT user guide (Di Luzio et al. 2002) . The AVSWATX is an ArcView extension and a graphical user interface for the SWAT-2005 model. Each basin was divided into sub-basins based on the DEM and digitized stream network of the basin. The number of sub-basins obtained was determined by the threshold input value for defining a drainage area in the SWAT model. The number of modelled sub-basins influences the number of climate stations, especially precipitation stations that are utilized in simulations. This, in turn, influences the model output since precipitation is a major input to the hydrological system. The sub-basin delineation was followed by automatic parameterization of streams and subdivision of the sub-basins into HRUs based on soil and land-use data and a predefined threshold for soil and land use within the sub-basins. The basic set-up characteristics of the project basins are presented in Table 2 . The sensitivity of SWAT-simulated streamflow to SWAT input parameters was assessed using the automatic sensitivity analysis tool provided in the model. The model uses the Latin Hypercube One-factor-Ata-Time (LH-OAT) method proposed by Morris (1991) to perform the sensitivity analysis. The LH-OAT (Table 3) relevant to the study basins were subjected to sensitivity analysis. The purpose of this analysis was to determine the model input parameters that were key drivers of the model output. Only the key parameters were given much attention in the calibration process and this helped to reduce the amount of time spent on calibration.
Calibration and validation
The SWAT model was calibrated at Nawuni (drainage area: 90 856 km 2 ) for the White Volta basin and Twifo Praso (20 023 km 2 ) for the Pra basin, using streamflow data from stream gauges at the two locations. Due to missing records in the daily streamflow data, the calibration was done at a monthly time step. For the same reason of missing records in the streamflow data, it was not possible to calibrate and validate the model using the same periods for both basins. The calibration periods were 1983-1993 for the White Volta basin and 1964-1978 for the Pra basin. Both automatic and manual calibrations were undertaken. The automatic calibration was achieved using the automatic calibration tool provided in SWAT. The manual calibration was basically a trial and error approach using a guideline provided by Santhi et al. (2001) . For each basin, the annual water balance was first calibrated followed by calibration of the streamflow at monthly time steps. The model was validated by using it to predict the monthly streamflow for periods other than the calibration period without any further changes in model input parameters. The validation periods were 1994-2000 for the White Volta basin and 1979-1991 for the Pra basin. Characteristics of the annual streamflow for the calibration and validation periods for the two study basins are presented in Table 4 . Both basins exhibit reductions in the average streamflow (33% for the Pra basin at Twifo Praso and 3% for the White Volta basin at Nawuni) in the validation periods, compared to the calibration periods, with the Pra basin showing a much higher reduction.
The performance of the model at calibration and validation was analysed using three quantitative statistics: the coefficient of determination (R 2 ), NashSutcliffe model efficiency coefficient (NSE) and percent bias (PBIAS) (equations (2)-(4), respectively). Model performance was deemed acceptable when R 2 > 0.60, NSE > 0.50, and PBIAS was within ±25% (Moriasi et al. 2007) :
where O i is the measured data; P i is the simulated data; O is the mean of the measured data; P is the mean of the simulated data; and N is the number of compared values.
Climate change projections
The rainfall and temperature projections used in this study were the ensemble mean of outputs from two global climate models (GCMs): ECHAM4 (European Centre HAMburg, 4th Generation) and CSIRO (Commonwealth Scientific and Industrial Research Organization). The data were obtained from the Ghana Meteorological Agency (GMET) and were the only future climate projections available to us at the time of this study. The data covered the period 1961-1990 (baseline) The ECHAM4 and CSIRO GCMs were selected by GMET in a previous study (EPA 2008 , Minia 2008 after assessing the performance of several GCMs in terms of their ability to reproduce the climate of Ghana (mainly rainfall and temperature). The assessment was done in the spatial climate change scenario generator (SCENGEN), which allowed the comparison of simulated daily temperature, monthly rainfall and trends in annual rainfall patterns to observed records for the period . As rainfall in West Africa is one of the most difficult climate parameters to model, the assessment placed higher priority on the ability of the global models to mimic the rainfall conditions in Ghana. The ECHAM4 and CSIRO were reported by the study as the best GCMs to reproduce the climate of Ghana at the time, particularly the mean monthly rainfall and trends in annual rainfall patterns, with each model giving a pattern correlation coefficient of 0.74 (Minia 2008) .
The ECHAM4 and CSIRO simulations were based on the A1FI scenario of the Inter-governmental Panel on Climate Change (IPCC). The A1FI scenario stems from the IPCC A1 storyline that describes a future of rapid and successful economic development, in which regional average income per capita converges and current distinctions between "poor" and "rich" countries eventually dissolve. The primary dynamics are: strong commitment to market-based solutions; high savings and commitment to education at the household level; high rates of investment and innovation in education, technology and institutions at the national and international levels; and international mobility of people, ideas and technology (IPCC 2007). Three scenarios have been deduced from the A1 storyline distinguished by their technological emphasis: the A1FI (fossil intensive), nonfossil energy sources (A1T) and mixed sources of energy (A1B). The A1FI scenario was chosen by GMET because it is one of the six illustrative scenarios of the IPCC and represents a worst-case situation that can be expected in terms of the concentration of greenhouse gases (CO 2 , NH 4 and N 2 O) projected to be emitted by the 2020s and the 2050s (IPCC 2007) .
The ensemble data could not be used directly for the impact simulation as the resolution of the two GCMs is too coarse (about 300 km) for impact analyses at local scale. Besides, the data were gridded and therefore not suitable to be used directly in SWAT, which requires station-specific climate data as input. For these reasons, a stochastic weather generator LARS-WG (Long Ashton Research Station Weather Generator) was used to undertake spatial and temporal downscaling of the GCM data. This weather generator was chosen for downscaling because: (a) it is easy to use; (b) it allows for the incorporation of variability into scenarios; (c) it is computationally inexpensive; and (d) it is freely available. The LARS-WG was first used to compute station parameters from observed daily climate series (rainfall, minimum and maximum temperatures) for each of the climate stations in the two study basins, and subsequently driven by monthly climate change scenario information from the ensemble data to generate daily climate scenarios representing the 2020s and the 2050s. The downscaled daily climate data were used as input to SWAT for the impact assessment.
The performance of LARS-WG in simulating the baseline climate (rainfall, minimum and maximum temperatures) of the basins was assessed using the p value for statistical significance testing provided in the model. For the White Volta basin, the average p values for simulating the daily rainfall distribution, daily minimum and daily maximum temperature distributions in LARS-WG obtained were 0.999, 1.000 and 0.998, respectively. For the Pra basin, the corresponding p values obtained were 1.000, 1.000 and 1.000, respectively. Detailed analysis of the LARS-WG output for this study is contained in Amisigo et al. (Forthcoming) . For more information about LARS-WG, the reader is referred to Semenov (2007) .
Sensitivity of streamflow to changes in temperature and rainfall
Prior to using the calibrated SWAT model to simulate the impact of the CHAM4/CSIRO downscaled climate change scenario on the streamflow, the model was used to simulate the response of streamflow to synthetic changes in temperature and rainfall. This was done to determine the sensitivity of streamflow to changes in temperature and rainfall in the study basins. Two scenarios each of temperature and rainfall were considered. These were changes of +1 • C and +2 • C in the mean annual temperature and +5% and -5% in the mean annual rainfall. The baseline period was taken to be .
RESULTS AND DISCUSSIONS
Model sensitivity analyses
The results of the sensitivity analysis for the two basins are presented in Fig. 4 . Thirteen of the 20 parameters analysed were found to be more sensitive to the output of SWAT in both basins. The most sensitive input parameter for the White Volta basin was the SCS curve number II (CN2) followed by the soil evaporative compensation factor (ESCO) and groundwater "revap" coefficient (GW_REVAP). For the Pra basin, CN2 was found to be the most sensitive input parameter, followed by the deep aquifer percolation fraction (RECHRG_DP) and the threshold water depth in the shallow aquifer for flow (GWQMN). The CN2 determines the amount of precipitation that becomes runoff and the amount that infiltrates; ESCO is used for modifying the depth distribution to meet soil evaporative demand and accounts mainly for the effect of capillary action; GWQMN is used for regulating return flow; RECHRG_DP determines the fraction of percolation from the root zone that recharges the deep aquifer; and GW_REVAP determines the volume of water that may move from the shallow aquifer into the overlying unsaturated zone. SWAT simulates the GW_REVAP as a function of water demand for evapotranspiration (Neitsch et al. 2005) .
Calibration and validation
The calibration processes focused on adjusting the 13 model-sensitive input parameters (Table 5) determined from the sensitivity analysis (Section 3.1) to obtain the best fit between simulated and observed streamflow. The final calibrated parameter ranges obtained are largely consistent with previous studies in West Africa (Schuol and Abbaspour 2006) and Benin (Sintondji 2005) . A comparison of observed and simulated streamflow hydrographs at Nawuni and Twifo Praso at monthly time steps showed good correlation for most parts of the calibration and the validation periods for the two basins (Figs 5 and 6 ). Statistical analysis of the model results indicate that the monthly streamflow was well simulated for most of the calibration period, with both R 2 and NSE > 0.75 for each basin and PBIAS well within the acceptable range of ±25% (Table 6 ). Evaluation of the average monthly streamflow observed and simulated at calibration revealed that SWAT underestimated the streamflow in the White Volta basin by about 1.5%, while it overestimated the flow in the Pra basin by about 8%. Agreement between observed and simulated flow was slightly better for the White Volta basin, compared to the Pra basin. Similar to calibration, streamflow was fairly well simulated at validation for the two basins although NSE and PBIAS were slightly better at calibration than at validation. The model overestimated the average streamflow by about 4% and 12% in the White Volta and Pra basins, respectively, at validation.
The overestimation of the streamflow was a result of overestimation of the baseflow. The baseflow overestimation by SWAT may be attributed to a delay in routing as SWAT does not route overland flow, but uses a simple surface runoff storage feature to lag a portion of the surface runoff released to the main channel and this may affect the recession rate (Watson et al. 2005 , Rouhani et al. 2009 ). Underestimation of streamflow in the Pra basin is caused by baseflow underestimation and this could be due to more than one aquifer contributing to baseflow in the basin, a situation not handled in SWAT at present. 
Streamflow sensitivity
In both the White Volta and Pra basins, the streamflow is sensitive to changes in temperature and rainfall (Table 7) . Table 7 shows that, keeping rainfall constant, a rise in temperature leads to a reduction in streamflow in both basins. In each basin, the magnitude of the rise in temperature corresponds to the reduction in the streamflow. Also evident from the streamflow sensitivity analysis is that, for a constant temperature change, the change in streamflow appears to be negative (reduction) for a negative change in the rainfall and positive (increase) for a positive change in the rainfall, except for a higher change in temperature (rise of 2 • C) where the change in streamflow was negative.
Ensemble (ECHAM4/CSIRO) mean temperature and rainfall projections
Analyses of the ensemble (ECHAM4/CSIRO) mean temperature and rainfall projections of the IPCC A1FI scenario showed increases of 0.6 • C and 0.5 • C in the mean annual temperatures of the White Volta and Pra basins, respectively, for the 2020s, relative to the baseline values (Table 8) . For the 2050s, temperature is projected to increase by 1.9 • C in both basins. Projected mean annual rainfall for the two basins shows considerable reductions for the 2020s and 2050s, relative to the baseline values. The magnitude of reduction in both basins is more pronounced for the 2050s than the 2020s. This is an indication that the emission of more CO 2 into the atmosphere (which is the case in the 2050s scenario), will lead to a more pronounced impact on rainfall. Comparing the two projected, the Pra basin is projected to experience a higher reduction in rainfall in the 2020s and the 2050s than the White Volta.
Climate change impacts on streamflow
The projected mean annual streamflow for the 2020s and 2050s for the study basins shows significant decreases compared to the baseline values. For the White Volta basin, the reduction in streamflow for the 2020s and 2050s was estimated to be 21.6% and 50.1%, respectively. For the Pra basin, streamflow is projected to reduce by 22.2% for the 2020s and 46.2% for the 2050s. Table 9 gives the statistics of the annual rainfall and streamflow under baseline and climate change conditions for the White Volta and Pra basins, respectively. For both basins, the annual rainfall and streamflow show less variability under climate change, compared to the baseline. Andah et al. (2004) made a similar observation for the entire Volta basin. 1983-1993); and (b) at Twifo Praso in the Pra basin (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) .
The reduction of the coefficient of variation is more significant for the annual streamflow than for the annual rainfall, and it is slightly more significant for the 2020s than the 2050s.
CONCLUSIONS
The impact of climate change on streamflow in the White Volta and Pra river basins in Ghana has been assessed using the climate-sensitive hydrological model SWAT, driven by temperature and rainfall projections from the ECHAM4 and CSIRO global climate models. Sensitivity analysis led to identification of the most sensitive SWAT input parameters, which were then given much attention in the calibration process. The SWAT model was successfully set-up, calibrated and validated for the two basins using measured streamflow data from streamflow gauges at Nawuni on the White Volta River and Twifo Praso on the Pra River. Statistics computed at calibration and validation showed that the monthly streamflow was well simulated in SWAT for the two basins during most of the calibration and validation periods.
Analysis of the ensemble (ECHAM4/CSIRO) mean temperature and rainfall projections, based on IPCC SRE scenario A1F1, shows an increase in temperature and decrease in rainfall for the 2020s and 2050s in the two basins. These translate into significant decreases in mean annual streamflow. Relative to the baseline value, the mean annual streamflow values for the 2020s and 2050s in the White Volta basin were estimated to decrease by 22% and 50%, respectively. Similarly, for the Pra basin, the mean annual streamflow values for the 2020s and 2050s were estimated to decrease by 22% and 46%, respectively, compared to the baseline.
RECOMMENDATIONS
The projected climate and streamflow for the 2020s and 2050s for the White Volta and Pra river basins underscore the need to put in place appropriate adaptation measures to foster resilience to climate change in order to enhance water security within both basins. Adaptation to climate change impacts is mainly about better water management, which requires policy shifts and adaption of innovative technologies. The following recommendations are made for the White Volta and Pra basins:
1. Implementation of water use efficiency and environmental integrity as part of effective management of water resources in the two basins. Efficient use of water can reduce demands from the three main water sectors: domestic supply, agriculture and industry. This is a cost-effective way of adapting to the decreasing water resources projected for the future. Creating awareness of the need to maintain the integrity of the environment and creating vegetation buffers for rivers, wetlands and headwaters could lead to reduction in human-induced degradation and pollution of the basins' water resources. 2. Mainstreaming climate change adaptation into feasibility studies and projects, and within the broader development context for the basins. Any development within the two basins should take into account the likely impact of climate change on the future hydrology of the basins and make the necessary provisions in planning, design and budgeting. 3. Sharing knowledge and information on climate, water and adaptation measures with the basin populace and all stakeholders. 4. Investing in appropriate cost-effective adaptive land and water management practices (e.g. small reservoirs for harvesting runoff water and onfarm soil and water conservation structures). Water stored in small reservoirs can be put to multiple uses (e.g. irrigation, livestock watering and aquaculture). Assisting farmers to invest in on-farm land and water conservation structures will lead to improved soil moisture for rain-fed agriculture. The use of small reservoirs for harvesting runoff is already being practiced in the White Volta basin. Unfortunately, the reservoirs are designed without considering climate change. The designs can be improved with climate change considerations. Also, it would be necessary to increase the storage capacity of existing reservoirs (e.g. the Bagre Reservoir) to store more water in wet years to partly offset the difficulties associated with dry years. 5. Strengthening of institutions related to governance of water resources by building their capacity and providing enough operational funds through increased national budgetary allocations and innovative funding mechanisms, thereby improving water resources management.
STUDY LIMITATIONS
While this study presents important results regarding climate change impacts on streamflow that can be used to support decision making towards climate change adaptation in the water sector, it had some limitations. Generally, climate change impact studies are associated with two key uncertainties: uncertainty related to the input data (e.g. climate data), and uncertainty related to the impact model. For a study such as the one reported in this paper, the uncertainties can be quantified through the use of multiple hydrological models, multiple climate change scenarios and climate projections from multiple climate models. However, this requires more time and resources than were available to the present study. A more extensive study that involves the use of multiple hydrological models, climate change scenarios and climate models is planned for the near future.
